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The uniform ductility was formulated as a function of reciprocal flow stress
and found to fit the experimental data.

An attempt to interpret the results obtained, based on the scanning

and transmission electron microscopy observations, were given.
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GENERAL INTRODUCTION

One of the important mechanical properties of mass produced
plain carbon steels is their ductility. There are many parameters of
ductility which are evaluated by tensile testing at room temperatures.

Some of the more commonly used parameters in industrial specifications

©are:

s uniform elongation; the total extension from the beginning of
deformation to the strain giving the ultimate tensile strength
(U.T.S.). (This is also termed uniform extension. The latter
is used in the present work.)

. reduction of arvea; the raliv of cruss sectional area vefore and
after the tensile fracture, at the center of the neck.

R total elongation; the total extension to fracture divided by the

initial gauge length. This includes the uniform extension plus

the local extension of the neck from the U. T.S. to fracture.

The hydrostatic pressure applied during uniaxial tension plays an

(17) (67) cited its effect

important role on the ductility. Dieter and Rogers
on the uniform extension is negligible. On the other hand, the reduction of
area and the total elongation are very sensitive to the hydrostatic pressure

according to Bridgman(u), Davidson and Anse11(15), Dieter(n)

and Rogers
The effect of hydrostatic pressure on the parameters of ductility measuring
the strain at the neck region, like reduction of area and total elongation,

indicates the significant role of voids in these ductility parameters. Thus,

extensive studies on behavior of voids are required for understanding these

(67

)



ductility parameters, in addition to studies on other features of plastic
deformation, such as work hardening.

Uniform extension is used as the ductility parameter in the present
study because of its relative insensitivity to the shape and size of tensile
sample, its ability to be analyzed with the current level of knowledge, and
its importance to industry.

The behaviour of voids may not be able to change the overall stress

(67)

of the uniaxial tensile stress system , not local stress,except at the onset
" of necking.

Possible directions for the investigation of uniform ductility are
either through microscopic studies of voids, which are very difficult to

(53)

relate to tensile testing except with one model of McClintock , or through
the extensive work done on plastic deformation. Due to complexity and lack
of theoretical analysis, the latter direction is taken in the present study

A
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on the uniform ductility of high carbon 5
analysis given in Appendix I, the uniform ductility becomes equal to the work
hardening coefficient, if the sample obeys a parabolic true stress-true strain
relation.

Plain high carbon steels with carbon ranging from .78 wt. % to
.95 wt. % and.with the structures cither lamellar or spheroidized, were
examined. Armeco iron was also examined for comparison as a single phase
polycrystalline material. Ferrite spacing between cementite plates in a
pearlite colony of the lamellar steel, and the ferrite spacing between
cementite particles located at the grain boundary for spheroidized steels,
were taken as the significant microstructural parameters. From now on
these will be called the ferrite mean free path and be abbreviated as F.M. F. P..
Scanning and transmission electron microscopes were used to determine the
microstructural parameter for lamellar steels. Optical microscopy was

used for spheroidized steels. The tensile testing was carried out on the

samples after heat treatment and electropolishing.



A Hall-Petch relation was found to be valid for the yield strength
and flow stress. The uniform ductility was formulated as a function of
reciprocal flow stress and found to fit the experimental data obtained.

Optical, scanning and transmission electron microscopy were
used to examine the structure in samples strained to the limit of uniform

extension. Results of submicrostructural observations were used to

interpret the uniform ductility.



PARTI - LITERATURE REVIEW

No physical interpretation of the uniform ductility is given yet.
The literature review is directed so that one can interpret the dependence
of the uniform ductility on the microstructure. It is based on studies of

the

1. initiation of voids in steels

2 effect of microstructure on the work hardening in low and

high carbon steels

3 available experimental studies on the eftect of microstructure

on uniform ductility.



CHAPTER 1

INITIATION OF VOIDS IN STEELS

| | Experimental Studies on Void Initiation

(17,67, 69)

It is generally agreed that void formation in two phase

materials occurs by fracture of the interface or fracture of hard phase

(59, 60)

particles. In the Cu—SiO2 system, Palmer et al used transmission
electron microscopy to detect small voids of . 015 M diameter formed at the
interface of SiO2 particles when the sample was deformed in tension by a
small plastic strain. When the strain increased, the voids elongated in a

direction parallel to the tensile axis. This result can be undersiood {rom

(57) (29)

elastic analysis well reviewed by Mogford and Gurland and Plateau #

and from Ashby's analysis(4)

The essential results of elastic analysis is

that when a spherical particle of high elastic modulus is embedded in the
matrix of low elastic modulus, a maximum tensile stress parallel to the

applied tensile axis occurs at the interface intersected by a line running through
the center of the particle and parallel to the tensile axis. On the other hand,
when a void which can be taken as zero elastic modulus is embedded in the
matrix a maximum tensile stress parallel to the applied tensile axis occurs

at the interface cut by a line drawn through the center of the particle and
perpendicular to the tensile axis.

(38)

Russian workers stated that voids were observed in a region of

high dislocation density even when there were no hard particles. However,

(67)

their technique of detection is not clear to the author. Rogers also

believed that voids could be nucleated in a tangled structure of dislocations



in single phase materials. In such a case, the tangled dislocation structure
might generate a very high local stress which is difficult to analyze
theoretically.

The increase of volume due to voids formed at plastic strains

(67)

less than the uniform extension is negligible , although it depends on

volume fraction of the second phase and the plastic strain, according to

Palmer et al(60).

1. 2 Theoretical Studies of Void Initiation

() Ashby's Theory
Ashby(4)

analyzed the problem of inhomogeneous plastic deformation

in terms of the behavior of dislocations. His physical model can be interpreted

as follows: assume that an isotropic hard particle is embedded in a soft

isotropic matrix, which is in uniaxial tension, as in Fig. 1. Referring to this
figure, Ashby expected dislocations on the primary slip system in x-y coordinates,
making 45° to x'-y' coordinates, to move a long distance and carry the main

part of plastic strain. When they pile up against the hard particle, a high

local stress is produced in and around the particle. This may produce new
prismatic dislocation loops (vacancy type along y' axis and interstitial type

along x' axis) on a secondary slip system. Ifn prismatic dislocations

are spaced evenly in a distance \ along the y' axis

n
ten o _{ . Zyb)\r (1)
where
G‘;en : tensile stress at the interface, which nucleates subsequent
vacancy type dislocations along the Y' axis
Y 2 plastic strain on primary slip planes
= diameter of hard particle

b : Burgers vector of the prismatic dislocations



This predicts a higher tensile stress at the interface when

le n  increases, due to increased plastic strain,
2. particle diameter increases or
3 N\, which for a first approximation is equal to half the

interparticle spacing, decreases.

When the GEen. , which cannot be relaxed by nucleation of prismatic
dislocations becomes high enough, it may be relaxed by other means. If
the particle-matrix interface is weak, a cavity may nucleate in the interface
along the Y' axis in Fig. 1.

One of the unanswered problems in this model is how the pile-up
of dislocations is to be built up at the plastically non-deformable particle
to support sufficient G to fracture the interface.

ten.

(b) Gurland and Plateau's Theorv

Gurland and Plateau(zg) demonstrated that a brittle crack expressed
by a Griffith type equation was a valid model for void nucleation in a two
phase material. Consideration of the geometrical change of elliptical voids
could give a formulation of fracture strain as a function of volume fraction of
second phase particles. They cited that the latter could explain experimental

(20)

results of Edelson and Baldwin , who showed both work hardening coefficient
and reduction of area were a simple function of volume fraction of second
phase particles, no matter what were their rigidities and sizes.

(29)

Gurland and Plateau assumed that stress in a spherical hard
particle embedded in a soft matrix was higher by a concentration factor, q
over the applied stress, without any detailed physical argument. If the

fracture takes place in the hard particle and the interface is strong a

simple energy criterion can be applied.

(qo)f & 21
E 3 2
equals the energy required to create new surfaces, 2 YT the following

When elastically stored energy r3 in a hard particle



equation becomes valid,

2
qaq 3 2
__(__E:—_). 5 ___3__7_(_‘_ & T = 2 TE’YSr (2)
3Ey
I s _\1/2
W == b B (3)

where

Ve applied tensile stress

i3 Young's modulus of the particle
i radius of particle
Y.: surface energy of cracked particle

S

If 1000 ergs/cmz, E = 1012 dynes/cmz, S 5 10_4 cm and q = 2.0,
it predicts that the fracture of cementite occurs when the applied stress
becomes 45 x 103 psi. A crack formed in such fashion may run across
the particle instantly but may stop as the stress concentration at the crack
tip may be readily relaxed by plastic deformation in the soft matrix.

One of the greatest problems in this simple theory is the assumed
stress concentration factor, q. It may be difficult to estimate q accurately

for the plastic case.

1. 3 Plastic Deformation and Fracture of Cementite

(a) Crystallographic Structure and Dislocations in Cementite

The crystallographic structure of cementite is well reviewed by

(6 (36)

by Barrett and Massalski and Hume-Rothery It is orthoromic with
a =4, 514&, b = 5. O80X, and ¢ = 6, 734./8. Fach carbon atom has six Fe atom
neighbours and is located at the center of an Octahedra, if the structure is

taken as chains of six Fe atoms projected on the x-y plane. The c axis



corresponds to the z axis in cartesian coordinates, as analyzed by Maurer
and Warrington(sz). From examination of the x-y plane projection of chains
of Fe atoms, Maurer and Warrington proposed the existence of a partial
dislocation with Burgers vector 1/2 <111 > , which was treated as a type

of Lomer-Cottrell sessile dislocation. They used this type of dislocation

to explain the high dislocation density observed in their experiments on

cementite. They also showed that possible types of Burgers vector of

dislocations in cementite were (100 1. fOlO} ’ fOOl} and flll ] » and a

possible slip plane was the { 100 } plane(3).

By studying a low carbon steel and a spheroidized 1095 steel deformed

at 7OOOC, Keh(4l) showed dislocations with Burgers vector ( 100 ) moved on

(001) planes. He also recognized that the cementite contained stacking faults

(41)

on (001) planes The dislocation density in cementite in both low and

spheroidized high carbon steels deformed at room temperature was negligible,
(41)

compared to those in the surrounding lerrite . Tue {racture ul cemeuntite is
thought to occur by cleavage on (100) planes with very little prior plastic
(41)

deformation

(b) Mechanical Properties of Cementite

6
Young's modulus of cementite is reported to be 25 x10 psi approx-

(78

imately ), which is almost the same as the value for ferrite. The yield

6 .(46)

strength of cementite is thought to be 2 x 10 psi ; which is 100 times

larger than that for ferrite. From this strength data, it can be assumed that

the cementite deforms up to six percent elastically, if the surrounding soft

15
matrix can support such a high stress(78). Puttick(éz), Butcher and Pettit( ),

(21)

Embury and Fisher's suggestion that the cementite deformed plastically

in room temperature deformation of steels should be noted here.



CHAPTER 2

PLASTIC DEFORMATION OF PLAIN CARBON STEELS

2wl Plastic Deformation of Low Carbon Steels

Experimental Observations

A typical process of plastic deformation at small strains is the

collection of dislocations into clusters. These eventually become cell

10, 18, 56 . .
walls with increasing strain( ). During this process, experimental

results showed(S’ 23)

6;1:G\i+ dGb'/@w (4

where
051: flow stress at which the average dislocation density, ew
was measured
O>: frictional stress
i
W : experimental constant expressing the efficiency of

strengthening by dislocations

18
If gy and N do not depend on the grain size( ), the only effect of grain
i
size on the flow stress at small strains, say less than 10% occurs through

(40 (18), Evans and Rawlings(23)

Keh and Wissman ), Dingley and McLean
showed that mobile dislocations combine with immobile dislocations to build
up the tangled dislocation structures. During the formation of the tangled
structure some dislocation annihilation has to be ex.pected(7 ). Thus the

/D may not equal the total dislocation density, P
av

10
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Experimentally, the Hall-Petch type relation for low carbon steel

has been proposed by Armstrong et al(z) and Armstrong(3). They(z)

showed
that the Hall- Petch relation is not only valid for small strains but also for
large strains, where the cell walls sub-divide the original grains. There
was an attempt to correlate Fa).v with the sub cell size by Hol (32). He
predicted the cell size proportional to reciprocal square root of dislocation
density. Substituting the sub cell size to the experimental relation given
by equation (4), as he did, gives an expression that the flow stress is

(45)

proportional to reciprocal sub cell size. Langford and Cohen showed
experimentally that the flow stress is proportional to the reciprocal sub cell
size. They controlled the sub cell size by heavy deformation given by swaging.
Their result seems to agree withHolt's prediction. However Embury and

Fi sher(21), and Embury et al(zz) gave the Hall-Petch relation for the sub cell
size, whose experiment was done prior to Langford and Cohen's. The

later results contradict Holt's prediction. As there is no evidence that the
accumulated dislocations can only be accommodated by decreasing the sub

cell size, which indicates they can also be accommodated by increasing the

misorientation angle, it may yet be difficult to conclude that Holt's prediction

is valid.

2.2 Experimental Observations of High Carbon Steels

(a) Effect of Microstructures on Strength
(26

About 30 years ago Gensemer et al ) studied the effect of
microstructure on the lower yield stress of a wide variety of steels; low
carbon, high carbon, lamellar and spheroidized, and showed that the yield
stress was inversely proportional to the mean ferrite size using a logarithmic

scale; where the mean ferrite size is the mean uninterrupted straight line

through the ferrite for the spheroidized steels and mean interlamellar spacing
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for the lamellar steels. Their results were confirmed later by Roberts

(65) and Turkalo and Low(77).
(37)

et al
Hyam and Nutting studied the effect of microstructure of

spheroidized steels on the Vickers hardness and found that the hardness

depended on the mean ferrite grain diameter. Letting the Vickers hardness

represent a parameter of flow stress, their results also show that the flow

stress is governed by the mean ferrite grain diameter.

(b) X-ray Studies
(78)

Wilson and Konnan measured lattice strains in cementite by
determining the change in Bragg angle. Although some doubts in their
results still remain, one of the important suggestions is that in spheroidized
high carbon steels, elastic stress at the cementite and ferrite matrix was
built up rapidly with strain in the first several percent of strain and reaches
saturation. In the cementite particle, a tensile stress was buiil up in the
applied tensile direction, which was counterbalanced by a compressive stress
in the adjacent ferrite matrix. In the direction perpendicular to the applied
tension, a compressive stress was formed in the cementite particle and a
tensile stress in the adjacent ferrite. Since the work hardening in ferrite is
preduced by dislocation interactions, well tangled dislocation structures might
be formed at the cementite particle. It could be expected that nucleation of a
large number of dislocations occurs in such highly stressed regions. These

will carry the local plastic strain which contributes to subsequent work

hardening, and reduces the stress concentration at the particles.

2.3 Theoretical Studies of Two-Phase Materials

(a) Classical Theories

There are three principal classical theories. They are those propose

4 34 - 24
by 1) Mott and Nabau'ro(3 ), 2) Orowan( ), and 3) Fisher, Hart and Pry( ).
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(34)

Essential feature of Mott and Nabarro's theory is that when
a dislocation is moving through the forest of hard coherent precipitates,
the stress required to pass through them depends on the critical radius of
curvature of the dislocation.

Orowan's theory proposed that when a dislocation moves through the
forest of particles, the dislocation line bulging between the particles leaves
a dislocation loop around the particle. The predicted yield stress is inversely
proportional to the particle spacing.

4
Fisher, Hart and Pry(2 )

extended Orowan's model. They proposed
that strengthening by the particles was also due to the back stress from
dislocation loops accumulated around the particles.

None of these theories is directly applicable to the case of spheroidized
steels, in which coarse spheroidized particles are at the grain boundaries.

A dislocation moving through the particle or around it terminates at the grain

boundary.

(b) Ashby's Theory
Recently Ashby( .

proposed a theory for plastic deformation of two-phase
materials. Issential features of his theory are that a rigid second phase
particle does not deform during plastic deformation.

For continuity of the material near the rigid particle-matrix interface,
extra strain is necessary. This extra strain is supplied by introducing extra
dislocations termed 'seometrically necessary dislocations" after Cottrell(M),
which may be prismatic loops of interstitial or vacancy type, as is illustrated
in Fig. 1. From a Burger's circuit construction for a particular slip system
of the soft matrix near the rigid particle, he derived the density of
"geometrically necessary dislocation", {OG to be inversely proportional to

the spacing between the particles. This argument was extended to lamellar

structure of rigid and soft phases and he arrived at a similar expression

R W )
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where
shear strain
Burger's vector

spacing of rigid phase

-

numerical constant
It is valid to let Q] = @v for small strains (which is the case of

Ashby's "one parameter work hardening theory") and to utilize equation (4),
* which then gives a Hall-Petch type expression for the flow stress, 6;1
4

o—:(;;+okGJZbyA'/-T (6)

fl

In equation (6), it is assumed that no slip and no fracture occur at the particle
interface and that no interaction occurs between the two types of dislocations,
"geometrically necessary" and "statistically necessary", where the latter is
the term used for dislocations which accumulate during plastic deformation

of a pure single crystal. The numerical constant in the equation (6) is one
forlamellar structure and may be three for spherical particles and eight for
equiaxed particles. The equation (6) predicts that the Hall-Petch slope

may be higher in spheroidized steels. Here it may be valid to assume that the

F.M. F.P. is equal to the spacing of rigid particles (inter-particle spacing).



CHAPTER 3
EFFECT OF MICROSTRUCTURE ON WORK HARDENING COEFFICIENT

3.1 Experimental Studies

(a) Stress-Strain Relation

For steels, the true stress-true strain curve can be expressed by

(58)

a parabolic equation when the applicable strain range is limited. Morrison

(44)

and Kleemola ;, for example, showed that the applicable strain range

was from e = .08 to the onset of necking for low carbon steels. For high

(26 (26, 78) ap

carbon steels, lamellar and spheroidized arabolic stress

a4 T e Anmchin was confirrmad in
ISR I LU0 Waes COOLilinmed 1

W
0
o+
H

strain to the onset of necking.

(b) Low Carbon Steels
(58)

Morrison proposed grain size as the significant microstructural

parameter for the work hardening coefficient in low carbon steel and showed
that the larger the grain size, the larger was the work hardening coefficient.

To a first approximation, the work hardening coefficient is equal to the uniform

(7,19)

extension , as outlined in Appendix I. Supporting evidence is given in

Dingley and McLean's paper(18). On the other hand, there are a few papers

stating there is no effect of grain size on the uniform extension. For example,
Gladman et a1(28) cited that the maximum uniform extension, defined by a
method similar to the intersection method given in Appendix I, was not
influenced by grain size. Their maximum uniform extension was determined
by assuming the work hardening rate (d(i;/dg ) is a linear function of 2—1 and

not assuming the parabolic G't‘ - & relation which was the case in Morrison's
rue

15
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(58)

experiments

(44)

Another contradicting experiment was that by Kleemola
He studied the effect of microstructure on mechanical properties of low
carbon steels, a half of which contained .05%C, 1% Cu and 1% Ni. He found

no effect of ferrite grain size on the work hardening coefficient. However,

(58)

his microstructure was not well controlled as it was in Morrison ’

(18)

and Dingley and McLean's experiments. For plain low carbon steel,
he deformed by hot rolling and followed by air cooling, where the finishing

temperatures were lower than the A temperature. For alloyed low carbon

3
steel, he aged it at SOOOC for 80 mins. In his experiments, what was actually

governing the work hardening coefficient was not necessarily the ferrite
grain size but might have been the sub cell size in plain low carbon steel and
the interparticle spacing in alloyed low carbon steels. Additional comprehensive

electron microscopic studies on the dislocation sub structure before the

. ; : . (58]
tensile test are required before proper interpretation of Morrison's'”®! and

(18)

Dingley and McLean's experiments can be made.

(e} High Carbon Steels
(27)

Gensemer showed that for a wide variety of microstructures;

pearlite, hypo eutectoid pearlite and spheroidized high carbon steels, the
work hardening coefficient was related to the yield stress. The lower the

yield stress, the higher is the work hardening coefficient. Gensemer's

(7) (19)

arguments were supported recently by Blickwede and Duckworth and Baird p

(68)

Rosenfield and Hahn formulated the work hardening coefficient, n as a function

of Q\Y experimentally by using a simple expression

L

wae (7)

They cited the lower the yield stress, O“‘Y, the larger is the work hardening

o
coefficient, n, for a wide variety of steels at different temperatures from 77 K
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-4
to 2930K and at different strain rates from 10  to 10 per sec. The constant,

{69)

in equation (7) only depends on carbon content and type of microstructure ;
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SUMMARY

A possible way to understand the uniform ductility became clear
from an equality between the uniform ductility and the work hardening
coefficient under parabolic true stress-true strain relation.

It was shown that the well studied Hall-Petch equation of the flow
stress for low carbon steels can be extended to the high carbon steels.

It was understood that the inhomogeneous deformation mode which
gave high long range stress by the dislocation tangles in the soft matrix near
the embedded particles might be one of the important factors controlling the

uniform ductility of high carbon steels.



PART I - EXPERIMENTS

A commercial music wire QQW470, which had carbon content near
the eutectoid composition, was used as the initial material. Two principal
structures, lamellar pearlite and spheroidized cementite were produced
by heat treatment. Tensile tests were performed at room temperature.
Scanning electron microscopy and optical microscopy with high magnifications
were used to determine F.M. F. P, for lamellar and spheroidized structures.
Transmission electron microscopy was used to examine dislocation structures
before deformation and after the uniform extension.

It was found that the Hall-Petch equation was valid for the flow stress,
and a parabolic expression was valid for the relation between true stress

d true strain, From these results, the unitorm ductility has been analyzed

in terms of work hardening models. One interpretation based on observations

of dislocation structures is given.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

4,1 Preparation of Tensile Test Samples

(a) Chemical Composition

Commercial eutectoid steel, QQW470 of one quarter inch diameter
was used as the initial material for both lamellar and spheroidized steels.
Armco iron of one half inch diameter rod, commercially available, was used
for the low carbon steel. Chemical analyses are given in Table 1. The
high carbon steel contained a negligible chromium content; less than . 025 wt. %.
‘I'nis means that the spheroidized structure produced was not controlled by
the strong carbide former, chromume, which stabilizes the sub structure in

(1),

quenched martensite The carbon content of tensile sample from each heat
treated batch was analized, because the heat treatment gave a slight
decarburization. These are given in Table 2. The carbon contents in the
original material were .830 wt.% and .957 wt. % for groups 1 and 2 respectively.

It can be understood that decarburization was taking place during the heat

treatment for both lamellar and spheroidized steels.

(b) QOutline of Sample Preparation

Lamellar structures were produced mainly by isothermal heating.
For spheroidized structures the quench - annealing technique was applied to
provide a fast uniform distribution of cementite particles.

Basic steps for production of the structures were as follows:

|1 For lamellar steel

: (8 as received bar was machined to tensile sample size

20
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2. heat treated by either isothermal heating or continuous
cooling followed by very slow cooling.

2. polished the surface of the sample with sand paper
No.400 with extreme care so as not to put any excessive

load on the sample.

Thus for lamellar steels no heat treatment was given after the lamellar
structure was produced.
2 For spheroidized steel
1. as-received bar was cut into pieces, two inches long.
2. heat treated by austenitizing, oil quenching, sub zero
treatment and spherodization annealing.
3 machined, making tensile test specimens and polished

by sand paper No. 400 with extreme care.

1

o
annealed in vacuum at A00°C for 30 mins, with suhsequent

furnace cooling.

For spheroidized steels, the specimens were machined and annealed after
producing the microstructures.
3. For Armco iron
1. as-received rod was swaged to 1/4 inch diameter, cut
into pieces two inches long and machined, making tensile
test samples.

2 heat treated by austenitizing and furnace cooling.

For Armeco iron, the microstructure was produced after the machining.

(c) Heat Treatment

The aim of heat treatment was to control the minimum width of

ferrite, i.e. ferrite mean free path (F.M. F. P.) in different structures.
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Schematic representation of the heating cycle for each batch of
samples used is shown in Figs. 2A, 2B, 2C, where temperature and time
in the diagrams were those actually meaéured.

For fine lamellar steels, LA, LB, LC and for all spheroidized steels,
pot type furnaces were used. The salt baths were made up with the following

approximate compositions:

NacCl KC1 BaCl2 Ca.CI2
for austenitizing 25% 20% 55% -
for isothermal transformation 15%, 25% 45% 25%

A layer of graphite powder was put on the molten salts to reduce decarburization.

Ls Lamellar Steel . The main purpose of the heat treatment for the

lamellar structures was to obtain different interlamellar spacings. To avoid
spheroidization of the lamellar steel, the maximum isothermal annealing

re used was 700°C. The minimum transformation temperature used
was 600°C which was a practical lower limit at which pearlite forms. For
samples, LD, LE, LF, LG, a vacuum furnace (10-4 mmHg) was used for
austenitizing and subsequent transformation. Samples LD, LE were transformed
during continuous cooling. The heating cycle is given in Fig. 2A. For fine
lamellar steels, LA, LB, a pot furnace containing salts shown previously was
used. About 10-12 min. was needed to bring the temperatures of the sample
from austenitizing to isot’hermal transformation temperatures for LF and LG

in the vacuum furnace. Aboutl - 2 sec. was needed to move the sample from
the hot bath, in which it was austenitized and furnace cooled to 8000(3, to

the isothermal transformation bath kept at a given temperature. Time for
completion of the transformation was determined from the TTT curve for steel
containing a similar amount of carbon and manganes e(54).

The cooling rate was approximately 1°c per min. for LLD, LE, LF,

and LG.
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For fine lamellar steel, it was approximately 2’c per min., which
was obtained by putting the isothermally transformed sample into a can
containing graphite powder, which was previously heated to 580—5900C, and
placing the covered can in the pot furnace, after which the powser was
immediately switched off. The temperature in the salt baths and in the

graphite powder was continuously measured.

2. Spheroidized Steel. The aim of spheroidization is to produce

different ferrite spacing. For fast heat treatments to produce spheroidization

of cementite, a martensitic quench and annealing technique was used, instead

of direct isothermal annealing to decompose a pearlitic structure. Fig. 2B
shows schematically the heating cycle for all samples spheroidized. The
fraction of sample transformed to martensite is influenced by the prior

austenite grain size and cooling rates. For all samples, both spheroidized

and lameliar steeis, the same austenizing conditions were applied. The
austenizing temperature was 900°C and the time was three hours. From a
preliminary test, this gave the austenite grain size, ASTM No. 4 (91 M diameter)
which was fairly large. To avoid quenching cracks yet provide fast cooling
rates, a mineral oil with mild agitation was employed. Micro Vicker's Hardness
of as quenched samples using a 136" diamond indentor gave a hardness of 1500.
The samples were subsequently sub zero treated by dipping them in a dewar
containing alcohol and dry ice at -76°C. This completed the martensitic
transformation and produced'a uniform structure before tempering. Various
annealing temperatures and times were used to obtain different F. M. F.P. as
shown in Fig. 2B. All temperatures and times used for the spheroidiza;tion
annealing were sufficient to produce recrystallized ferrite by the precipitation

of cementite from the martensite. A vacuum furnace (10_4 mmHg), in which

the temperature was checked by an Alumel-Chromel thermocouple was used

for these spheroidization anneals.



24

This treatment was aimed to produce a microstructure before

tensile testing that did not contain any dislocation sub structures between

the cementite particles in the ferrite matrix.

3. Armco Iron. Fig. 2C shows the heat treatment for Armco iron

schematically. After reducing the diameter of rod to one quarter inch with
a combination annealing and swaging, and cutting into pieces of two inch
length, the Armco iron was machined into tensile samples. Subsequently
the heat treatment was carried out by austenitizing at 1000°C (one hour for
Armco A and two hours for Armco B) and furnace cooling (1. 5°C per min. ).
The vacuum furnace used for the spheroidization was again used for the

above heat treatment.

(d) Polishing of Tensile Samples

All tensile samples were electroiyiically polished to reduce any
surface flaw in the gauge length, which might cause a stress concentration.
The polishing conditions were the following:

(9)

1. solution'’’: 133°C acetic acid (purity 99%)

(o
H_O
7 2
25g chromic oxide
2.voltage: 18 - 22V
3. temperature: 13°¢ - 18°¢

4. cathode: a band of stainless steel

The sample was kept rotating at the center of the bent stainless steel band that
formed the cathode in order to decrease the Fe ion concentration gradient
in the solution near the anode. The electropolishing time was determined
by observation of the sample surface. The sample was rinsed in two separate

alcohol baths and kept in the alcohol until tensile testing.
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4,2 Procedure of Tensile Test

A floor type Instron testing machine was used to test the samples.
The load on the sample was measured by elastic strain gauges in the Instron
load cell. Its signal was amplified, rectified, and sent to the recording
units. The strain in the sample gauge length was monitored by a standard
extensometer of one inch gauge length, placed on the sample with clips.
Its electrical output, which was proportional to the change of distance between
the clips, was transmitted to the recording chart drive unit. Thus, simultaneous
measurement of both load and sample extension were recorded. Under the
actual testing conditions, proportionality between displacement of strain gauge
clips, measured by a micrometer, and recording chart movement was checked.
It was found to be accurate within the reading errors of + .0025 strain.

The size of the tensile sample used for all microstructures is
illustrated in Fig. 3. The diameter of the sample was 1/8 inches and the gauge
length was 3/2 inches so that the 1 inch gauge length extensometer could be
accommodated. The gauge diameter of each sample was machined to a
uniformity of + .00025 inches. A special grip system shown in Fig. 4 was used
to produce self axial alignment of the sample during the intial loading. The
lower grip was held rigidly by a fixture attached to the moving crosshead, as
illustrated in Tig. 5. The upper grip was connected with a pin to the extension
rod of the load cell.

The tensile test was done at room temperature (20 - 260C) using the
slow crosshead movement of 0.02 inches per min. It has been observed that the
spheroidized sample with fine structure and most lamellar steels broke
immediately after the maximum load was reached. For coarse spheroidized
materials, relatively large extensions, whose magnitude depended on the
interparticle spacing, were developed during the necking. To calculate the
stress at an instantaneous strain, the cross sectional area of samples before

the test was determined from two measured diameters taken at three locations
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in the gauge length.

4.3 Preparation of Thin Foils

Thin foil specimens used to examine the structures before tensile
testing and block specimens used for microstructural observations by either
optical or scanning microscopy, were all taken from the same region of the
tensile sample. Thin foil specimens used to examine the dislocation structure
in sample deformed by uniform extension were cut from regions away from the
neck and grip shoulder of the tensile sample. They were usually cut parallel
to the tensile axis, but in some cases (Armco B and SF) they were also cut
perpendicular to the tensile axis. The following steps were taken to prepare

thin foils for observation using transmission electron microscopy.

1, cut a klock sample of thickness, .02 - .05 inch by jewelers zaw
2. mechanically polish with emery paper using water lubricant

to a thickness less than . 005 inch, using a hardened rubber
block to hold the specimen
3. chemically polish in a solution composed of
55°C H F (purity 52%)
95°¢ H,0, (purity 30%)
at room temperature for 1 - 3 min,
4. electrolytically polish under the following conditions:
solution: 95 acetic acid (purity 99%)
10°¢ perchloric acid (purity 71 - 73%)
25°¢ Ethanol (purity 99%)
cathode: stanless steel sheet
temperature: 1570 - g8
applied voltage: 14V - 18V

current density: kept in a range between A and B in Fig. 6 by

reading the ammeter
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A similar solution, from which the above was newly developed, was shown
by Brammer et a1(8). Extreme care was taken during all parts of the
preparationto not induce dislocations or make them move. A check for this
was made on samples strained to the uniform extension. An aging treatment
(15 mins. at 800C) of SF was given to pin the dislocations immediately after
the strain. A thin foil of non aged SF was observed within five hours after
the tensile test. No noticeable difference was observed. All thin foils
shown in the thesis were observed at least two weeks after the tensile test.
It was expected that all dislocations were effectively locked, although they
could escape from the thin foil and thus the structures could be drastically
rearranged as cited by Ham(3l). All transmission electron micrographs were

taken at 100 kV. Each time a diffraction pattern was taken, the alignment

of the electron beam was checked.

4.4 Preparation for Void Observation

The voids formed during uniform extension in different micro-
structures were observed using the optical microscope, and scanning electron
microscope. Each specimen was cut from a section away from the neck
and the shoulder regions to ensure that the specimen investigated had
received the uniform extension. The prepration technique was the same
as that described for the observation of microstructures before the tensile
test. Care was taken to not confuse voids with non metallic inclusions on
polished and etched surfaces. An alternative prepration technique proposed

(75)

by Tanaka et al was used on some specimens for void observation. Following
tensile deformation, a small sharp notch was made in the gauge of the sample
away from the necked region by eccentric mounting and cutting on a lathe.

Care was taken not to impose any excessive stress on the specimen. The

specimen was then cooled in liquid nitrogen and fractured in a Charpy impact

machine.
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4,5 Measurement and Results of Microstructures

Measurements of F. M. F. P. were made by either electron
microscopy for lamellar steels or optical microscopy for spheroidized
steels and Armco iron.

Samples of two orientations, one, a lognitudinal section parallel to
the rod axis, and the other, a transverse section perpendicular to the rod
axis, were cut from the undeformed grip regions of tensile samples, LB,

‘ LD, LG, SB, Armco A and Armco B. For the other batch of heat treatments,
the samples for microstructural examination were similarly cut but from the
gauge length region of spare undeformed tensile samples. Thus two sections
for each batch of heat treatment were prepared for microstructural
measurements. All sections were mechanically polished, finished with a
lubricated abrasive of 0.3 microns alumina and etched by one percent nital,

carefu_llxlr avoiding oxidation dn‘r’ihg and atter the etching.

(a) Lamellar Steel

A Cambridge Stereo Scan electron microscope was used to estimate
the F. M. F. P., in pearlite. If the pearlite colonies were randomly oriented
to the polished and etched surface and if in each pearlite colony, the cementite
plates lie parallel to each other with a constant spacing, then the minimum
spacing observable is the true lamellar spacing. The interlamellar spacing
was measured using the following procedure. The polished sample was wetted
by methanol, then carefully etched by applying a small cotton ball wetted with
one percent nital and then diluting the acidity on the surface by pouring methanol
over it. The whole block of plastic mold in which the samples were mounted,
was then dipped in fresh methanol, cleaned using an ultrasonic vibrator and
dried by compressed dry air. This reduced oxidation of the etched surface.
Three scanning microscope pictures from 20, 000 to 50, 000 magnification were

taken on each polished section. Thus, six pictures showing pearlite colonies
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of minimum spacing between cementite plates were taken from each heat
treated batch. A typical picture is shown in Fig. 7. Xach picture contained

9 - 14 cementite plates, whose spacing was measured. The results are
given in Table 3. This technique was used by Brown and Ridley(lz).
From the edgewise growth model of a lamellar structure, like those

reviewed by Hull and Meh1(35)

, it was expected that when the interlamellar
spacing increased, the thickness of cementite plate also had to increase,
- or a new cementite plate had to be formed between the extending cementite
plates as cited by Sundquist( 74).

If the latter did not happen the minimum ferrite spacing between the
cementite plate could be found from the measured thickness of the cementite

plate.

From transmission electron microscopy pictures of the undeformed
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measurement of two cementite plates and plotted against the interlamellar
spacing measured by the scanning electron microscopy in Fig. 8. From
Fig. 8, the F.M. F.P. was estimated and listed in Table 3. A typical
transmission electron micrograph is shown in Fig. 9.

An alternative technique using optical microscopy applied by
Gensemer et al to determine interlamellar spacing was proposed by

(61)

Pillissier et al about 30 years ago.

(b) Spheroidized Steel

It was rather tedious to measure the ferrite grain diameter in
spheroidized steels in electron microscopy at a statistically significant
level. Optical microscopy, which covered larger areas of the specimens,
was used. A typical structure of spheroidized steels is shown in Fig. 10.
As described later, in spheroidized steels the F.M. F. P. observed is taken
to be the ferrite grain diameter, which was suggested by Hyam and Nu’cting(

(77) (37)

first and then by Turkalo and Low Hyam and Nutting and Turkalo

37)
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(77) (73)

srowth moedel

o

and Low employed Smith's derivation of the grain

for the two phase materials. An essential aspect of Smith's grain growth

(73)

model is that during the annealing, the driving force for the grain
growth is equal to the restraining force for each particle. The resulting

formula for constant particle diameter is

= g (8)

where \: diameter of growing grain
r: radius of particle

Vf: volume fraction of pérticles.

Using the value of r and V_ from quantitative metallographic

f
techniques described in Appendix II, the diameter of ferrite grain. \ was

determined. These are listed in Table 5. According to a quantitative

(25)

metallographic technique first proposed by Fullman , and reviewed by

0
Rostoker and Dvorak(7 ) and De Hoff(lé), the mean ferrite spacing between

cementite particles, which did not include the existence of grain boundaries,

is
3N 8N 2
Ny "o AT L 1 (9)
3T # NA NL

where

\. . = mean ferrite spacing between the particles

ini

NL = number of particles per unit length

NA = number of particles per unit area
The derivation of the above equation is given in Appendix II, following
Fullman's analys is(ZS). To find NA and NL, six highly magnified optical
micrographs were taken for each heat treated batch; three from the polished

(73)

* The numerical constants for equation (Sf‘given by Smith are not correct,
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longitudinal section and three from the transverse section. The magnifications
were x1000 for SE and SF, x1600 for SB, SC and SD, and x2000 for SA.
About 300 - 900 particles were counted for the NA. Three lines with angular

changes of 45° were drawn on each micrograph and N_ was determined by

L
counting the total number of particles intercepted by known length of lines.

The number was about 35 to 75 particles. The results are listed in

Table 4, together with other parameters r and V From a comparison

e
between Tables 5 and 4, it can be concluded that ferrite grain diameter
based on Smith's model for fine structures like those of SA and SB, is
larger than the corresponding values of mean ferrite spacing based on

Fullman's analysis, given in Table 4. This aspect was pointed out by two

(37) (77)

papers of Hyam and Nutting and Turkalo and Low This may be due to

an inadequate assumption in the grain growth model. During the early
stage of spheroidization, the so called"steady state spheroidization model”,
articles dri

o wAarth Af camantite
e ol & 34 i cementiie

1. €. Erowth @ nentite p
curvature of the particles, may not yet be established. Because of this
uncertainty, the mean ferrite spacing based on Fullman's analysis, given

in Table 4, is used for the F.M. F.P..

(¢) Armco Iron

If the grain size in a given polycrystalline material is constant,
it can be determined by measuring the number of ferrite grains per unit

(70)

area, as reviewed by Rostoker and Dvorak and shown in Appendix II.

From Appendix II

A=1.25 ¢ ————— , (10)

where A\ is the grain size and

n, is the number of fetrrite grains per unit area
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Six values of n, have been measured from micrographs at x100 of six
Armco A specimens.

For Armco B the sub cell size was estimated from the optical
micrographs. In Fig. 11B, regular etch pit traces in the large ferrite
grains indicate a sub cell structure that is not present in Armco A as noted
in Fig. 11A., These traces were taken as the sub cell size which was used

for F.M. F. P. in this material. .
The results are listed in Table 6.



CHAPTER 5

RESULTS OF EXPERIMENT

5.1 Results of Sub-Structure Observation
(a) Sub-structures before Tensile Test
1. Lamellar Steel

The scanning and transmission electron microscopic observation
confirmed so called "growth faults" in the lamellar structures. It was
assumed for determination of minimum F.M., F,P. in the lamellar steels,
that cementite plates in a pearlite colony were ideally parallel. This was
. true tor a tirst approximartion, according to ilie scanning rmicroscopic
observations done. However, it was not true at a local sub microstructural
scale. It was often observed in the thin foil transmission microscopy that
the cementite plates were discontinuous in a pearlite colony. Some examples
are shown in Figs. 12 and 13. In both structures, dislocations, some of which
are coming out from the ferrite-cementite interface (in Fig. 13) and some of
which lie parallel to the cementite plates, are possibly due to thin foil
preparation. A grain boundary running across the pearlite colony, a structure
often observed, is also seen in Fig. 12. No sub cell walls were observed in
the ferrite region sandwiched by the cementite plates in an undeformed sample.
Observations by optical microscopy indicate that it is reasonable for a first
approximation to assume that cementite plates in a pearlite colony are parallel.

(62)

Puttick observed slip at the cementite plate-ferrite interface in

a deformed pearlite structure, which suggested that the interface was incoherent

and might be weak.

33
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2. Spheroidized Steel
(37)

Hyam and Nutting first attempted to discriminate between the

effect of ferrite grain size, which was controlled by the spheroidized
cementite particles in accelerated spheroidization annealing, and the effect
of ferrite grain boundaries or sub grain boundaries on mechanical properties.
In all spheroidized steels, cementite particles were predominantly located

at the "high angle grain boundaries". According to the similarity in

(37)

microstructures between the present study and those by Hyam and Nutting
and Turkalo and Low(77), who all studied spherodized microstructures by
replica techniques, their unidentified "ferrite grain boundaries" were
"high angle grain boundaries". This conclusion was reached in the present
study from the following observations:

1, the intensity of transmitted electrons was much different
from one ferrite grain to another (Iigs. 14 and 15)

B fringe contrasts were seen at the boundaries (Fig. 14)

3. the zone axis of one grain was at a large angle from that
of neighbouring grains, as demonstrated in Fig. 15.

Inside a grain surrounded by the large angle boundaries, there were

no dislocations and no sub cell structures, as shown in Fig. 14, This is

probably due to recrystallization occurring after the cementite precipitated.

3. Armco Iron

In the measurement of ferrite grain diameter of Armco B, the
regular etch pit traces were observed. 7 Fig. 16 shows a structure, which locks
like a sub cell wall, running from a high angle grain boundary. Cne estimate
shows an agreement between a largest spacing of structure like that in Fig. 16
and the largest spacing of etch pit traces (Fig. 11B). No spheroidized cementite

particles were observed inside the ferrite grain.
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(b) Sub-structure after Tensile Test

1 Lamellar Steel

Fig. 17 shows the dislocation structure when the samples were
deformed by uniform extension. In between the cementite plates in this
coarse lamellar steel, highly tangled dislocation structures were seen.

It was difficult to obtain contrast of many dislocations in ferrite between
the cementite plates in fine lamellar steels like LA, LB, LC, LD, because
of possible very high dislocation density.

Fig. 18 shows well defined sub cell walls joining one fragmented
cementite particle to another in a lamellar structure which was mainly
composed of parallel cementite plates. The structure shown in Fig. 19
may be the intermediate stage between that of Fig. 17 and Fig. 18. The
observation of no sub cell walls in ferrite between parallel cementite plates
in Fig. 17 is consistent with the observation that in fine lamellar steels,
the dislocation structure in the ferrite could not be resolved at all because

of severe lattice strains due to high dislocation density.

2s Spheroidized Steel

Deformation by uniform extension of a fine spheroidized steel,
SA produced a high dislocation density between cementite particles located
at the grain boundaries (Fig. 20). A tendency to form sub cell walls could be
recognized even in SA, but most dislocations were randomly distributed and
well tangled. Near the cementite particles the dislocations were dense
(Figs. 20 and 21). Sub cell walls can be seen in the ferrite grains. When
much coarser spheroidized structures were deformed, well defined sub cell

walls were observed, as shown in Fig. 22.

B Armeco Iron

No notable gradient of dislocation density from the grain boundary to

the centre of the grain was observed in a polycrystalline material deformed
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by uniform extension. However a disturbance of cell wall alignment near
the grain boundary was recognizable, as seen in Figs. 23 and 24. At a
region three microns away from the grain boundary, regular elongated
sub cell walls were formed on planes parallel to .{ 211& . The dislocation
density within the sub grain is very low. In Fig. 24, some dislocations

moving from the sub cell walls are seen.

b, 2 Results of Tensile Test

(a) Presentation of Tensile Test Results

Typical experimental curves of load vs extension are shown in
Fig. 25 for a lamellar steel, a spheroidized steel and an Armco iron.

Logarithmic plots of true stress against true strain, with definitions

~ - ___i_ 5 'e + 1‘ 217N

true = A { ) Ak
o

s = In (e o 1) (12)

are given in Fig. 26, where e is the engineering strain; (TL') the
. . ¢ ’
engineering stress Gan

area. Values for the parameters k and n in the parabolic formula, Uf?rue =

k £n are given in Table 7. The pre-exponential constant k was found by

; L the load; and A0 is the origingl cross sectional

extrapolating to £ = 1.0 in Fig. 26. All mechanical testing results are given

in Tables 7 and 8.

(b) Stress-Strain Relation and the Parabolic Expression

It can be stated from Fig. 26 that for lamellar and spheroidized
steels, the parabolic true stress-true strain relation is valid in a strain
range from seven pct. to the strain where necking starts and for Armco iron,

in a strain range from nine pct. to the strain where necking starts.
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The work hardening coefficient, n was calculated by

. 075

‘ .10
(log g, - log G )

e true

n =

(log £, - log = 45)

uniform
. £ direct
for the uniform extension determined directly from the load-extension
uniform
considere
a tangertial line from the measured q;rue - e curve to intercept the strain

where the subscripts stand for the strain range used. stands

curve as shown in Appendix III, &

was determined by drawing

axis at -1.0, as shown in Appendix I. The maximum error in determination

of 81;?f:;tm was + .005 for LLC, + .013 for SF and + . 022 for Armco A,
The error limit in determination of £un1io‘rm was + .0l. The error limit
considere =

in the determination of the pre-exponent constant, k was + 20 x 103 psi for

2
the lamellar steels and + 5 x 10 psi for spheroidized steels and Armco iron.
_uniform

The value of work hardening coefiicient, n is ploited againsi =¥ ¢
irec

uniform
considere
Figs. 27A and 27B indicate a linear relation between the n value and the

and &£ for each sample in Figs. 27A and 27B respectively.

uniform ductility. For a first approximation, it can be stated that uniform
ductility is expressed by the work hardening coefficient in the present

experiments,

(c) Dependence of Constants n and k on F'. M. F. P,

Plots of the pre exponent constant, k, and the work hardening
coefficient, n, against the ¥'. M. F. P. of the undeformed structure are shown
in Figs. 28 and 29 respectively. A straight line in the logarithmic plots

b o b
implies a relation k = A (X, .)a andn = B (N. .) where X\, . = initial F.M. F. P.
_ ini ini ini
and Figs. 28 and 29 show that the larger the F. M. F. P., the larger is the
work hardening coefficient, n, and the smaller is the pre-exponent constant, k.

An empirical relation between the work hardening coefficient and
UuTs

true plotted in Fig. 30, shows that the smaller the work hardening coefficient
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UTs
true
dependence of k and n on the F. M. F. P.. From those figures, 28, 29 and 30,

n, the larger is the g~ This may be due to the difference in

it can be concluded that the pre-exponent constant, k takes a dominant part

at large strains, under the assumption of parabolic Wt - & relation.
rue

543 Results and Discussion of Void Observation

(75)

It was found that the technique proposed by Tanaka et al was not
suitable for void observation. The fracture at liquid nitrogen temperature
produced too much plastic deformation. Figs. 31 and 32 show cleavage surfaces

of lamellar and spheroidized steel respectively. This technique was abandoned.

The direct sectioning technique as described previously was used.

(a) Lamellar Steel

¥ig. 33 shows the structure of fine lameilar steel, LG on a section
cut parallel to the tensile axis. The aligned black spots parallel to the tensile
axis may be due to voids created during tensile deformation. An alignment
of voids parallel to the tensile axis was predicted in McClintock's analysis

(53)

for multiaxial stress cases He showed that when the nucleated voids
were in high density they grew in a direction parallel to tensile axis. An
alternate cause for the black spots are oxide inclusions. The aligned spots
observed by these scanning microscopy observations {Fig. 33) were not thought
to be oxide inclusions judging from their shape and contrast effect. Additional
supporting evidence that the spots in Fig. 33 are not oxide inclusions is that
nearby cementite plates are not disturbed by their existence. Puttick(éz)
has shown that cementite plates become irregular near oxide inclusions.
One rough estimate of the increase of volume due to voids or
cracks formed was made on a lamellar steel. Even after being multiplied

by a factor of three, the increment of volume was less than five pct. In this

case oxides formed during etching were also counted because the volume of voids
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was measured by using optical microscopy at a magnification of x1600.

(b) Spheroidized Steel

Fig. 34 is a scanning microscope picture taken from a coarse
spheroidized steel. Some cementite particles were fractured leaving a void
between the fractured surfaces. Fracture of cementite seems to take place
at the narrowest region of a particle. This mode of fracture of cementite was
most common. The fracture of the interface between particle and matrix was

" rarely observed.

(c) Armco Iron

Fig. 35A and 35B are for Armco B. One non-spherical cementite
particle located at the grain boundary was fractured by shear. Between the
fractured surfaces of this cementite particle, the matrix filled in, leaving

= S s P S o p 14 -
10 VOoiLlS wicr e, This is gquite 4

ifferent from the cace in sphernidized steel
(Fig. 34). In spheroidized steel, the dislocation density is high resulting
from a small grain size. To fill in the vacant region created by the fracture
of the particle, less resistance for the dislocation motion, which carries the
plastic strain in the deforming matrix, has to be preé ent. In spheroidized
steels, this might be difficult. On the other hand the barriers in Armco

iron were not so high, and thus no void was left near the cementite particle.
Fig. 34 also shows a crack formed between closely separated oxide inclusions.

A relatively high local dislocation is expected here for the same reason

described for spheroidized steel.

(d) Observation by Transmission Electron Microscopy

Fig. 36 was taken at the edge region of a thin foil from lamellar steel
LG after the uniform extension. It shows clearly the steps formed in a
cementite plate and is evidence for plastic deformation of cementite during

room temperature deformation. It is not sure whether this is due to the
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tensile deformation or the thin foil preparation. No detailed exarnination
of this deformed cementite structure could be performed because it was
seen at the edge of a thin foil which was bent from five to eight minutes of
electron bombardment at a beam current of 104 A. Fractured cementite
plates and particles inside the thin foil were observed occasionally.
Dislocation structures in the ferrite near the cracked cementite in lamellar

and spheroidized steels could not be resolved, possibly due to severe lattice

strain.



CHAPTER 6
DISCUSSION

6.1 Introduction -

In the previous chapter on experimental results, it was revealed
that the parabolic stress-strain relation was valid and uniform extension
was linearly related to the work hardening coefficient, n. In Appendix]I,
theoretical arguments for the linear relation between the uniform extension
and the work hardening coefficient are given. The following discussion will
us e these results to try to explain the effect of microstructure on the
uniform ductility., To do tuis, the eifect ol microsiruciure is {firsi formulatied
in terms of the Hall-Petch relation where the parameter of microstructure is
the F. M. F. P., because the continuous and plastically deformable phase in
the high carbon steel is ferrite. Based on this Hall-Petch equation, the
uniform ductility was formulated as a function of reciprocal flow stress.

One attempt at a qualitative argument based on observations by

electron microscopy is given.

6.2 Effect of Microstructure on the Strength of High Carbon Steels

(a) Dislocation Structures at Uniform Extension

As stated previously, the dislocation distribution in structures of
coarse spheroidized steel (Figs. 21 and 22) and Armco iron (Figs. 23 and 24)
was heterogeneous. In Armco iron, most of the dislocations were at sub
cell walls. In spheroidized steel, they concentrated at either cell walls or

near the cementite particles. It can be expected that a region where the

41
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observed dislocation density is high may provide a large long range stress.
In a region, where the observed dislocation density is low, the long range
stress may also be low so that motion of dislocations is relatively free and
strain can propagate. The latter region may provide stress relaxation for
the former region. A mechanism of immobilization of dislocations, which is

a kind of Cottrell locking, suggested by Evans and Rawlings(23)

may be
applicable for the build up of the long range stress.

Present observations imply that for sub cell walls to form, a
critical spacing of initial ferrite may be required. Fine spheroidized and
lamellar steels did not show sub cell walls. On the other hand, well defined
sub cell walls were observed in the coarse spheroidized steel. However
the dislocations are concentrated near the fragmented cementite particles
(Figs. 18, 19 and 20), where the size of dislocation free regions is negligible.
In fine spheroidized steel and lamellar steels, less relaxation of the local

Adanaa W AinTAmnds
Ll CoO0 O GiwiOCa

v

(b) Hall-Petch Relation

It was stated in the Literature Review that Ashby's one parameter

(5)

work hardening theory gave the Hall-Petch relation for two phase materials -

at small strains. To extend this for large strains, one has to include the
experimental evidence that the wavelength of "statistically necessary

dislocations" is reduced to the wavelength of geometrically necessary dislocations'

(42)

This evidence is given in Keh's paper on single crystal iron deformed at
0°C. This evidence adds complexity for theoretical analysis. According

to the simplified Ashby's one parameter work hardening model, which neglects
the behaviour of "statistically necessary dislocations"”, the Hall-Petch slope

for cubic and plate-like second phase particles is given by equation (14)

kﬂ:Z * G €b A (14)
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and equation (6) gives

' | . |
0}1—()‘i + 24+G |/&Zb “‘"‘—'—")\ (15)
l ini

with y = 2&€. ,

The flow stress at various strains listed in Table 8 is plotted in

)-1/2

Fig. 37 against the initial F. M. F. P,, ()\in' , listed in Tables 3 and 4.

- As is seen, for each type of microstructurel, a linearity exists between

the flow stress and ()\ini)—l/z. The lamellar steel work hardens rapidly

in the first few percent of strain. Above e = .075 both structures approximately
satisfy the same Hall-Petch relation. Scatter in the data of spheroidized

steels at large strains was much greater than that of lamellar steels, and
evaluation of k_ is less definite. Thus it is difficult to examine Ashby's

f1

theory predicting the increase of k. with increasing strain from the present

fl

e T i : , r‘(}'s’ 25) ~ 27 0 1n3 1 2 (2) AL 2 1(\»7?
results, Letting & - 1.5 , G=T7.9=210 kg mm and b =2x10
*e=,0 -3
the k.. L becomes 2.8 kg mm /2. The observed Hall- Petch slope
fl o= 075 -3/2 -3 /2
was kﬂ o = .50 kg mm ’ (ky = .55 kg mm ) in the present results,

where the k is the Hall-Petch slope for the yield stress. In Fig. 38, the
Hall-Petch glot is made using the sub cell diameter measured after the uniform
extension. At least fifteen sub cells were measured in the thin foil. The
Hall-Petch slope for this microstructural parameter was k B e it

fl
3/2, which is still lower than Ashby's prediction. Armstrong
obtained k €=

el
fl

range from e = .05 to e = .20 (k = Z.Zkgmm_

) S
{3} obtained kﬂe e

were on a wide variety of spheroidized steels (from c = .07 wt. % to

= .95 kg mm

et al(z) = 1.6 kg mm-3 . which was constant in a strain
) for mild steels at room

3/2
3/2 '

temperature. Liu = 2.0 kg mm’ . Liu's experiments
1.46 wt. %) with their ¥. M. F.P. determined by Fullman's technique, ranging
from 3.8 M to 18/‘ . He was not concerned with the ferrite grain boundary

which might be predominant in large F.M. F. P. materials.

The numerical constant,A was tentatively taken as one.
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(27)

Armstrong et al pointed out that strain can introduce other
processes, including sub cell wall formation, dislocation nucleation, and
formation of obstacles to dislocations in a matrix covered by the initial

F. M. F.P., )\ini’ which might decrease the kﬂ
possible mechanisms in the present materials. No effort was given to analyze

effectively. These are all

For the following discussion, it is assumed that k

th i
ese factors in k 1

£l
is constant with strain.

6.3 Effect of Microstructure on Uniform Ductility

(a) Introduction

The Hall-Petch slope, kﬂ

with strain, and the change in frictional stress, 0;, can be determined when

in Fig. 37 can be taken as constant

the strain range is defined. The uniform ductility determined by Considere
redicted as a function of K. M. k.., as tollows.

Y Iy, . S,
bb\allll}-\iu&\; s -

A differentiation of the Hall-Petch equation (]5)’ gives equation (16)

1. ’
On= @ tkg N (15)
ini

(Lot i , L ey APV SR P

d& d&e / de f1 d& / Xini

dkfl
where the flow stress, 0 is the true stress. From Fig. 37, —('1-2—— = 0

d L

(which is not valid in Ashby's model) and EP, ( N ) = 0 because

\. . is the initial F. M. F. P., which is independent of ll:ﬂéxstic strain. Thus the
ini

equation (16) becomes

de;
Gy, i -
e s (17)

Appendix I gives
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=3 dov
n = o | ) (18)
o ae
from (17) and (18),
il 1
n = ( )& -
= E
1
= A- 1 (19)
O +thy TR
ini
ar;
where A = ( = ) which is independent of )\ini' Thus the work

hardening coefficient, n, becomes proportional to the reciprocal of flow

stress and depends on the initial F. M. F.P., )\:'mi’ through the Hall-Petch

5 - z : uniform y
relation. Appendix I and Figs. 27A, 27B given = & . In Fig. 39,
L &
UilL O
20 o s T2 = = S anloadbo d socndoidk TS M Y o o gl il
ne unirorimm auctililie Tem——— D iotted against {1 J a¢ a givein Oorain
Ys z‘-‘\con51dere) P g VN g 5 4

i.e. e =.075. A linear relationship exists between them. The work

hardening coefficient, n for )\ini = 4 microns can be found by taking

AQi -2 g .

e = 153 kg rnm = from the shift of Hall-Petch plot with the

strain and (_)\ﬂ = 59.4 kg mrn_2 (84 x 103 psi) at e = . 075 corresponding

to four microns of initial F. M. F. P. in Fig. 37. This gives n = .188. The
. . ro uniform )

corresponding uniform ductility, £ . = .152 + ,02. The exrror of

considere d o —

the estimate may be due to the evaluation of (—‘d—‘zl‘—— ).

Supporting evidence for the above argument is seen in Rosenfield and
Hahn's paper(ég). They showed that the work hardening coefficient, n, was
inversely proportional to the yield stress, (ry as expressed by equation (7) of
the Literature Review. In Fig. 40, O\Y is plotted against the flow stress at
e = .10 for the present data. It is shown that there is a correlation between

{27, 7, 19)

them. Gensemer's results also agree with the present results.
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(b) Physical Interpretation of the Present Observation

Plastic deformation at large strains includes two features i.e.
plastic strain with work hardening, and the possible nucleation and growth
of voids., If the plastic strain propagation by dislocations meets obstacles,
either dynamic recovery or nucleation and growth of voids will take place.
If the local stress concentration build up can be relaxed by propagating
plastic strain (nucleation and movement of dislocations) or sub cell wall
formation, as in the case of Fig. 35A and 35B, the voids will not be formed.
If the former is difficult, then voids may be nucleated more readily as in |
the case of Fig. 34. This can be visualized in the most simple model expressed
by

v=b" — A (20)

where r is the shear strain
. T

VR T B .
A LS Wil dlSeailcc GQlo.ola

is the mobile dislocation density

i. e. an absence of propagation of plastic strain is simply due to the absence
of mobile dislocations available or/and absence of the space available for
the dislocation movement.

Observation of voids which did not grow larger than the cementite
particles in spheroidized steel (Fig. 34) shows the growth of voids is difficult.
Observation of high dislocation densities, which were rather uniform throughout
the lamellar and fine spheroidized steels, imply that stress concentrations could
not be relaxed by plastic strain in a region of low dislocation density, or by
dynamic recovery. Assume that voids existing at strain less than the uniform
extension are very thin in the tensile direction. Since voids can not carry any
load at all, for Ap = O it may be valid to divide the decrement of the cross
sectional area in equation (1), Appendix I into two parts, one due to external

geometry dA and the other due to the existance of thin voids, dAv

dA . dAV a0 -
F A i
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dA
Letting increment of strain df_v = Av %
a6
F= T+ de_ (22)

Equation (22) shows that a material in which many particles are fractured
producing voids (as in Fig. 34) may have necking at a smaller strain and

at a lower stress than one without voids. Thus voids formed during strain
may govern the uniform extension.* Since at the ons et of necking, all regions
of the tensile sample are expected to be work hardened, one of the important
factors determining the onset of necking may be the local dynamic recovery,

(14) (33, 55, 63)

as Cottrell suggested, and the local density of voids.

(c) Implications for Industrial Application

The yield strength, G‘y of spheroidized steel is as high as that of
lamellar steel, as shown in Fig, 37. On the other hand, the spheroidized
steel shiows larger uniform extension as in Figs, Z27TA, 27bB. Thus spheroidized
steel in which the cementite particles are dispersed finely can satisfy
industrial requirements for an application in structural members, plate
steels, wire rope etc. for its high strength and has the advantage of a high
ductility.

Research has begun to utilize the advantages of the high ductility
and high strength of spheroidized steel on an industrial scale. Current
developments of spheroidized steel are concerned with their production by

(o) and Sherby et a1(71) did

thermo-mechanical treatments. Robbins et al
experiments on hot (or warm) deformation to enhance the spheroidization and
implied that the production of spheroidized steel can be done in a conventional

steel works.

* Schematic representation of the argument is given in Fig. 41.



SUMMARY

Experimental data was used to formulate the effect of micrc-
structure on the flow stress of high carbon steels. It was suggested that
a better fit for the Hall-Petch equation was expected when using the sub
cell diameter in the flow stress relationship.

The uniform ductility was formulated as a function of the
reciprocal of flow stress, which is related to the microstructure through
the Hall-Petch relation. The data agreed with this formulation. It was
discussed relative to other published experimental formulations and agreed
well. One attempt was given to interpret the formulation qualitatively using

electron microscopic observations.
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CHAPTER 7
SUGGESTION FOR FURTHER STUDIES

One important aspect which the present study avoided is the
microscopic study on the behaviour of voids, which requires physically
realistic theoretical models to be developed.

No attempt to estimate quantitatively the contributions of internal
stress built by various dislocation structures observed in electron micrographs
has been made.

This has to be solved by detailed examination of dislocation
structures and their analysis into a simplified model, perhaps with the

hel

n nf tha ~com
e oI tac C0
FOI' practical reasons, eXperimental data haS to be accumulated

for a wide range of microstructures.
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APPENDIX I

In tensile loading of ductile materials, necking occurs when the

. Ta 8,
maximum load corresponding to @ S is reached. The plastic
i ) I R ) ) uniform
strain corresponding to Weng is called uniform extension, e .

Up to this strain, an increment of load, dp necessary to deform the sample
further gradually decreases and at the onset of necking, dp = 0. The following

equation is valid at this point.

- O?rue ¥ Adq?rue s
ae
i -dA true
from which A = o~ (1)

true

when the volume of the deforming sample is kept constant,

dy = Adl + faa=0
f hich B s af = d& (2)
rom whic A = T -
where A: instantaneous cross sectional area and

Q: instantaneous gauge length

By combining (1) and (2)

dG;rue N af - dg
G?rue B
from which
&0 s
—_— = 3
d&e <ri:rue (3)
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Assuming O?rue is related to, in the parabolic expression as

n

1 iy = kg (4)

true

The work hardening coefficient, n, is expressed by

i d In Ttrue 3 i é_unlform
@ in £ i U\true
" From (3) and (5)
uniform
n=g (6)

From equation (3) above, another technique to determine the
uniform extension can be established, termed considere technique(76). The

uniform extension is given at a tangental point on a - e curve obtained
b truce

experimentally, The straight line, which is tangent, originates from the

intercept - 1. 0 on the e axis. By knowing (d In Gz:rue/d Ing ) of the parabolic
if
O\true - & relation, the gunl OfM 45 determined from equations (5) and (6).

In addition to these two techniques, there are three more techniques.

These are:

(43, 51)

1s intersection method , which utilizes equation (3). Measure

the work hardening rate, (d Gzrue/dg) at various strain and plot this against

i : .
the & . The E_um OTM s where this curve intersects the O\true - £ curve.

(30)

2. plastic strain energy method , which requires a determination of

the plastic strain energy covered by the Gzrue - & curve when the parabolic
stress-strain relation is valid.

3. direct reading method, which is to read the uniform extension from

the recorded load-elongation chart when the elongation is measured by an

accurate strain measuring device or to measure the gauge diameter away

from the neck before and after the tensile test.



APPENDIX II

DETERMINATIONS OF F.M. F. P.

1, Spheroidized Steel

The symbols used are:

V. fraction of volume occupied by particles

f
)\'ni: F.M. F.P.; mean ferrite spacing terminated by spherical
i
particles
\: interparticle spacing, the spacing from the centers of a

particle to that of a neighbouring particle
1 average radius of particles
N : number of particles per unit volume of the material
N . : number of particles per unit area
N, : number of particles per unit line length

L at’ total length of ferrite matrix which is intercepted by a unit

line length

(25)

Fullman gave N, and NL for uniform size of spherical particles embedded

A
in the matrix as:

N, =2r N (1)
v

N = Tr N (2)
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From (1) and (2)

- 2 3 NL (3)
0 NA

From the definition of the volume fractior}, V., where Vf is equal to the

f
product of particle volume, 4/3 T r3 and NV, combination of (2) and (3)

with this gives

2
N

3 3 L
Vis43mr. N o= e { a

A

Now, from the definition of L. , which is

mat

L . =N\, (5)

and if the material is composed only of ihe spherical pariicies embedded

in the matrix since the volume fraction, Vf is line fraction in this case

1= (L + V) =N_\,_.+V (6)

2
i i (l—Vf) i ?>TC.NA —SNL . 1 o
ini NL 3 o NA NL
2 Polycrystalline Iron

Let's assume the etched section of the polycrystalline iron shows
composed of hexagonal shape for the ferrite grain which has constant size.

The edge length, D and diameter, )\ini of the hexagon are related to

1
= —— 1
- 1.9 Xini (D
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The area of a hexagon is 2. 37D2 and the total area becomes equal to

2 37D2 N where nAtis the total number of grains. Letting

e At (2)
A (Area Observed)

then

A ,=1,256 ————— (3)



APPENDIX III

rI.‘he load extension chart recorded by the Instron tensile machine
gave a step like behavior. During work hardening, the load increased
abruptly (20 - 40 lbs.) after a large extension at constant load. A schematic
representation of the behavior is given in Fig. III-I. This may be due to
character of the work hardened sample or Instron, i.e. mechanical
sensitivity of recording pen responding to the signals in the recording
unit. a/b in Fig. III-1 was 10 - 50 throughout the test. a' X% a, on the
otherhand, b = b'. By extrapolating curves A and B of the regions before
and after the onset of necking, the point of maximum load, P was found

UTS

uniform 5
, which was

at point E. From these experimental observations € Jirect
Akl ;

I fAarra

(PSS RO 584

directly related to £direct , was determined. The strain between
D; the midpoint of the highest stress region, and E was taken as the error

limit, which is marked in Fig. 2-17(A).
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(Schematic)
Error Limit
b
Curve A o P Curve B
_—__d’_“';r—‘—
I D E g

% ‘—a: & = '_H ™
O
_

" direct ‘

6uniform
Extension

Fig. III-1: Schematic representation of load elongation chart near the maximum

g.
load.
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Table 1: Chemical Composition of As-received Materials

Chemical Composition of
As-received Materials

wt. %

Tensile Sample C iMil S [ S NG

Group 1|LBLCLD LE LGSBSCSESF|830 | 45 | 044 |.244 | Nil. | Nil.
Group 2| LALFSA SD 947 | 45 054 |.265 | Nil. | Nil.

Nil: = Less than .025

dinad s - — ' . o pi u IV ad o im Bogaian i
l'able 2: Garvon Counient alfler IHeal Tiealtiment

Cerbon Content after
Heat Treatment Wt

LA IBILC | LD] LEjLF.]I LG
C_[.928|.786].785 | .776 | 805 | 881 | 794

SA|SB|SC [SD | SE | SF
C_1.950].90Z | 758 |.901 |.770 |.681
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Table 3: Interlameliar Spacing and F.M. F. P. for Lamellar Steels

microns microns
Int [am Spacing|  Intial EMER
av. |min.|max| av. | min.|max.
LA 14| 121316 10| 08| 12
LB 15 18] 161 111 09| 12
(C| 20| 18| 22| 16| 14| 18
LD| 30| 26| 38| 24| 20| .32
LE| 28] 23| 30| 22| 17| 24

LF] 30| 24| 36| 24| 18| .30
| 1G] 521 441 651 471 34] 55

"Table 4: F.M. F.P. and Other Microstructural Parameters for Spheroidized
Steels

microns microns
Radius of Particles| Volume Fraction| |nitial FMF.P

av. | min.|max.| ayv. | min.jmax| av. | min.; max.
SA| 70| 66| 75| 55| 45| 72| 79| 651 11
SB| 68 40| 80| 49| 29| 60|25 |20 |26
SC| 81| 72| 96| 35| 44| 72| 26 |24 |29
SD| 82 66| 95| 32| 23| 44| 25 |16 | 3]
SE| 12 |10 |14 | 29| 22| 43| 63 | 54 | 71
SFl 12 90|14 | 31| 22| 42| 63 | 56 | 74




Table 5: Ferrite Grain Size in Spheroidized Steels by Smith's Model

microns
Grain Diameter
av. |min. |max.
SA| 18] 151 23
SB| 18] 12 | 30
Sc| 21118 | 21

~M e 'ala) /7 A

SD| 30| 28 | 41
SE| 59| 45170
SF| 54| 39| 69

MICrons
Grain Diameter
av. |min. {max.
ArmcoAl 35.| 31.] 38.
ArmcoB| 29.| - -

Table 6: Ferrite Grain Size in Armco Iron



Table 7: Results of Mechanical Testing, 1.
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10°ps|  10° P
uniform _ ductility pre-exp. uTS
B 20t ™ [ 1 value |k “°™Y Ctrue
LA 1 054 1445
N 053 152.2
3 052 140.0
av. 05”3 1456
LB 1 090 095 096 244. 169.8
2 100 103 118 200 1484
3 081 . -
b av-|{ 090 099 107 209, 1591
LC 1 095 100 107 203. 1437
2 (825 103 00! 180 1401 )
3 109 140 114 175 1439
av.| 100 114 104 180.- 1429
LD 1 095 128 215.
-, 122 103 153 194. 1312
3 095 093 124 205. 1305
av.| 104 098 135 205. 1309
LE i 104 098 181 198. 1280
2 104 093 114 183. 1287
3 100 116 168 175. 1305
av.| 103 102 154 185. 1291
LF 1 109 18 137 200. 134.7
2 109 118 144 202. 1349
3 109 120 144 190. 1358
av. | 109 119 142 108. 1351
LG 1 135 120 181 172. 1723
2 118 120 169 167 114.3
3 128 120 162 163. 1148
av.| 127 120 171 167 1138




Table 7 - Cont'd.
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. 10°PS|__10° PS|
uniform ductility pre exp uTsS
e £t [ n vawe | Kk ™4 Yrue
SA 1 118 134 139 149. 1119
2, 113 116 142 154, 1108
3 118 131 130 138 1096
av. 116 {127 137 147. 1108
SB 1 140 - |
0 140 166 | 147 150. 1195
3 127 133 154 142, 1101
av. | 136 150 151 1 146. 1123
SC g 153 174 172 147. 1055
2 153 164 177 146 1046
3 153 168 175 142, 1064
av. | 153 169 175 145. 1055
S i 37 3. NSV 137 952
2 131 148 187 138. 958
3 127 142 177 129. 949
av. | 130 142 74 135. 056
SE 1 165 203 207 138. 1120
2 170 201 192 139. 1064
3 165 189 191 | - 140. 1054
av- | 165 198 200 139, 1076
SF 1 170 199 235 126. 913
., 170 191 209 125. 923
3 165 178 220 128. O3
av-| 168 189 221 1126. 922
Armco 1 227 322 803
A2 237 265 291 750 518
3 207 245 300 740 505
av-|.223 256 304 763 1%
Armco 1 235 262 294 800 536
B 2 251 .281 272 780 543
3 235 310 316 820 566
av.|.239 284 .295 800 548




Table 8: Results of Mechanical Testing, 2 - Flow stress at various strains

10°Ps|
He | Dot | oinie>) -
LA 1 700
. B 71.3
3 74
av.| 713
LB 1 746 | 1652| 1697
o 616 | 1425| 1473
3 .
© av.| 681 1539 (1585
Ik 550| 1382 1431
s 589| 1353| 1391
3 (eYde) 13/2 14 1.1
av.| 591 1369 1413
LD 1 576 1291| 1337
0 571 1249| 1323
3 580, 1262| 13Q7
av.|576 (1267 1316
LE 1 497 1235| 1278
2 475 1251 1290
3 485| 1253| 1281
av. |[486 11246 1283
LF 1 537| 1263| 1312 | 1343
0 538 1268| 1319 1351
3 519] 1264| 1315| 1350
av.[531 1265 (315 1348
LG 1| - 251 1037 1090 1134
x, 235 1057| 1105 1139
3 295 1063 1111 1146
av.| 260 1051 (1102 {1136

69



Table 8 ~ Cont'd. i

10° ps
it | G POFY| GEES 6P| Geil 6D
SA 11 749 | 1028 1068| 1102
ol 677 971| 486
3| 741 | 1020| 1057| 1081
av.|723 1005 1036 {1095
SB 1| 786| 1007] 1061| 1100] 1132
2| 785| 1013| 1055] 1098 1115
3| 781| 1006/ 1050| 1081
av.|784 1009 N055 1098 [1124
SC 1] 633| 914| 9581 o992] 1023
2| 632 905 951 984| 1014
31 649| 921 965 1005 1031
av. 1638 913 959 1994 [1023.
Sp 1 626 | 865 904 935
= 1 1 AR &y per Dot b= n @) |
3| 600 849 892 924| 947| 1007
av.|615 855 898 (929 | 949
SE 1 508!  845| 896| 931 961
ol 625| 886 934| 967 996 1044
3| 580 889 937 971| 1004| 1047
av.|588 |873 |922 |9s56 |987
SF 1 495 744| 794| 830 858
2| 499 74| 810| 844| 873
3 5211 780| 829/ 884| 890
av. | 505 763 811 846 874
Armad 2141 356| 390| 417| 438 473| 499
A 2 165 2353| 388 413| 436| 468 495
3 357|  393| 419| 440 472
av.|190 (355 |390 416 (438 |471 |497
Armcd 167 | 365| 403| 429| 453| 487 513
B ol 120| 374| 402| 427| 449 488| 511
3| 1731 369 405| 433 456| 490| 517
av.|170 369 [403 [430 |453 |486 |514
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Tensiﬁe Stress

i

Cavity if The Interface
" s weak

-+ In?nrrhﬂ"\l TinA I hctr\r"mmr\\
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X-Y :Primary Slip

) System
F; 1 XY Secondary Slip
vacanc;/ Type System

£ 4.
A Pile-up Group Diglocations

Fig. 1: Schematic representation of Ashby's Void Initiation Model
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Fig. 2: Heat Treatment Cycles
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Fig. 5: Design of Cross Head Fixture.
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Fig. 6: Schematic representation of applied voltage and current density.

Current Density

7" bt i
43 microns 10 micron
—y
LA, Longitudinal section to tensile axis L.G, Longitudinal section to tensile axis
Fig. 7: Highly magnified scanning electron Fig, 9: A typical transmission electron
micrograph of lamellar steel before micrograph of lamellar steel

the test. before the test.
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Fig. 8: Dependence of thickness of cementite plate on interlamellar Spacing.



Fig. 10: A typical optical
micrograph of spheroidized
steel before the test.

SF

20. microns
—_—

Fig. 11: A typical optical
~micrograph of Armco iron

hefore the tost

Armco A

200. microns
e}

Armco B
200. microns
—_—

£
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5.0 microns
LE, Longitudinal L
Fig, 12: Transmission electron micrograph of lamellar
steel showing a grain boundary running across
the lamellar structure.

1.4 microns
LF, Longitudinal "~ 1
Fig. 13: A typical transmission electron micrograph
of lamellar steel showing no sub cell walls
in the ferrite before the test.
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5.0 microns
SF, Longitudinal
Fig. 14: Substructure of spheroidized steel showing
no sub cell walls or dislocations in ferrite

dwansmneo hafars +the tact
Biaiiio UCLUITC il vOS L

5.7 microns
Armco B, Longitudinal
Fig. 16: Sub cell walls running from the high angle
boundary in Armeco iron before the test.



A

Zone Axis= 100

Assuming that the beam is parallel
to the zone axis in Figs. 15A and
15B, the resultant misfit angle
at the boundary becomes 63. 4°. g

B
Long.

1.1 microns
e e ]

Zone Axis = 120

Fig. 15: Misorientation at a ferrite boundary in a spheroidized steel before
the test.

\
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.42 microns
——

LG, Transverse

Fig. 17:

Tangled dislocations between the cementite plates
of lamellar steel with no sub cell wall.
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. 71 microns
—

1.G, Transverse

Fig. 18: High dislocation density near the fragmented cementite
subdividing the matrix observed in a coarse lamellar

steel.



.71l microns
et

LG, Transverse

Fig. 19: Dislocation structure at the tips of discontinuous

cementite plates.
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. 67 microns
PERERER—”

SA, Transverse

Fig. 20: Extensive tangled dislocation structures with less
clearly defined sub cell walls observed in a finely
dispersed spheroidized steel.



1. 2 microns
—_——y

8B, Transverse

Fig. 21: Accumulation of dislocations near the cementite

“particles.
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.42 microns
i

SF, Longitudinal

Fig. 22: Well defined cell walls seen in a coarsely dispersed
spheroidized steel.
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1.V microns

Armco A, Longitudinal

Direction A in the electron
micrograph corresponds to -
direction B in the S. A.D..
The calibrated rotation angle
for this magnification is 9,

B A

Fig. 23: Well defined cell walls near the high angle boundary.



.57 microns
—————t

Armco A, Longitudinal

Fig. 24: Well defined parallel cell walls observed in
Armco iron.
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Fig. 26: Logarithmic true stress-true strain curves showing a linearity at strains ovezx
€ = ,09 for Armco iron.

@ = .075 for lamellar and spheroidized steels and
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Standard Error of

Estimate
Y =031 + .94X
A
121 olamellar
e Spheroidized
08¢ x Armco
U T R (T B
rec
£ unform X
321 Error Limit in bl .
Y Determination Standard Error of
28] of €62 slcriTe%re 4] Estimate
24t
Q- Y =004 + 122X
20|
B <16
12t o lamellar
® Spheroidized
08} x Armco
O P T A
52(% i
Fig. 27: Relation between the work harde nln u)c:fﬁcumt and the uniform ductility

showing they are numerically equal.
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Fig. 29: The dependenbce of the work hardening coefficient on the F. M. F. P. as
n = B(FMFP) .

200 f
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T*‘_\:Q__j
10005715 50 30 405060 8010 20 30 40 5080 &0

FMFER  inital
Fig. 28: Pre-exponent constant, K in 61;1 = B E_n as a function of (F.M. F.P)

assuming K = A (F. M. F., P. )"
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Fig. 30: Empirical relation between the work hardening coefficient and ultimate tensile strength.
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Fig. 31

LA, Tensile tested at R. T.,
impact fracture at -196°C
and etched

2.3 microns
e

Fig. 32

SF¥, Tensile tested at R. T.,
impact fractured at -196°C
and etched

4.9 microns
e )

Fig. 31 and 32: Scanning electron micrographs of fractured surface in a
method proposed by Tanaka et al.
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Fig. 33

LG, Longitudinal

Deformed up to the uniform
extension at R. T., polished
and etched.

9.2 microns

SRR G 1 T . S
€1i811€ ar,1XE€Teilh

Fig. 34

SF, Longitudinal

Deformed up to the uniform
extension at R. T.,

polished and etched.

6.4 microns
—_—

Fig. 33 and 34: Scanning electron micrographs after the uniform extension
in lamellar and spheroidized steels showing some voids left.

~



A

Armco B, Longitudinal
Deformed up to the uniform
extension at R. T.,

polished and etched

/ 16. microns

_ v oo
lensiie Direction

B

Armco B
The same as above

] 16. microns
—_—

Fig. 35: Scanning electron micrographs of fractured cementite particles

located at the grain boundary leaving no void between the fracture
surfaces.
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Fig. 36: A cementite plate showing steps made by s
extension or thin foil preparation.

.36 microns

hear slip during uniform
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